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Heat-induced structural transformation in nanodiamond of diameter �1:4 nm is investigated by
tight-binding molecular dynamics simulations using the environment-dependent tight-binding carbon
potential. The nanodiamond is found to transform into a tube-shaped fullerene via annealing. Three
interesting mechanisms for promoting inner carbon atoms of the nanodiamond into the surface carbon
atoms of the tubular structure are observed. The ‘‘flow-out’’ mechanism prevails at temperatures lower
than 2500 K and the ‘‘direct adsorption’’ and ‘‘push-out’’ mechanisms are observed at higher
temperatures.
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fullerene. In particular, the flow-out mechanism is a �111�, �111�, �111�, and �1 1 1� surfaces consist of only
Nanodiamond has attracted much interest since its first
discovery in meteorites [1]. Several forms of nanometer-
sized diamonds have been found in interstellar dusts [2],
solid detonation products [3], and diamondlike films [4].
Recently, Raty et al. [5] performed ab initio calculations
to study the structure of a nanodiamond with a diameter
of �1:4 nm and found that the carbon nanoparticle con-
sists of a diamond core and a reconstructed fullerenelike
surface. While there are several experiments reporting
that diamond nanoparticles of diameter �5 nm can be
transformed into spherical and polyhedron carbon onions
at high temperatures [6–8], the mechanism of such trans-
formation is still not well understood. On the other hand,
graphitization of the surface of bulk diamond has been an
interesting subject of study for many years. From quan-
tum molecular dynamics simulation studies of graphiti-
zation of the diamond (111) surface [9,10], it has been
suggested that the formation of fullerenelike or graphitic
surface structure appears to be one of the most effective
ways of minimizing the surface-free energy at high
temperatures. Here we attempt to probe the high tempera-
ture state of nanodiamonds, which is expected to provide
a clue to the understanding of the formation as well as the
growth mechanism of fullerenes, carbon nanotubes, and
nanoclusters.

In this Letter, we present tight-binding molecular dy-
namics simulations on the structural transformation of
nanodiamond at high temperature. The simulations show
that upon annealing up to 2500 K the 1.4 nm-diameter
nanodiamond is transformed into a fullerene structure
with the shape resembling a single wall capped nanotube.
During the course of the transformation, three mecha-
nisms, namely, the ‘‘flow-out,’’ ‘‘direct adsorption,’’ and
‘‘push-out’’ mechanisms, are identified to play a crucial
role in the conversion of the inner carbon atoms of the
nanodiamond into the surface atoms of the tube-shaped
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unique process in the transformation of a nanocluster to
a fullerene structure, which is distinguished from other
transformation mechanisms observed in diamond bulk
surfaces.

The tight-binding molecular dynamics simulation is
performed using the environment-dependent carbon
tight-binding potential developed by Tang et al. [11].
This potential gives accurate energies for the various
crystalline structures of carbon including diamond,
graphite, linear chain, simple cubic, body-center cubic,
and face-center cubic structures. The potential is also
proven to describe well the surface reconstructions of
diamond (111) and (100) surfaces, in addition to the
vibration frequencies and elastic constants of diamond
and graphite structures. The carbon tight-binding poten-
tial has been successfully applied to the simulation study
of laser-induced structural transformation of the (111)
surface of bulk diamond [10]. This tight-binding poten-
tial was also recently used to study the stability of carbon
nanowire in the comparison with the stability of Si nano-
wire [12].

To start the simulation of nanodiamonds, we take a
bulk-terminated carbon cluster of 275 atoms within
a sphere of diameter of 1.4 nm cut from bulk diamond.
This cluster is relaxed using the steepest descent method
with the environment-dependent tight-binding carbon
potential. The cluster structure after the relaxation is
found to be similar to that of the previous ab initio
generalized gradient approximation calculation [5].
Because of the surface reconstruction of nanodiamonds,
there are graphitelike fragments present at the first atomic
layer of the (111) facets, together with the formation of
pentagons which link the graphene fragments to the
underneath atoms [Fig. 1(a)]. The graphitelike fragments
at the (111), �1 1 1�, �111�, and �11 1� surfaces consist of
three pentagons and three hexa;gons and those at the
2003 The American Physical Society 265701-1



P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26
three pentagons. Starting from this relaxed cluster ge-
ometry, we perform tight-binding molecular dynamics
simulation to investigate the structural transformation
of the nanodiamond at high temperatures.

Figure 1 illustrates the snapshots of the atomic pro-
cesses during the structural transformation of a nano-
diamond into a tube-shaped fullerene through the
simulations. First, the nanodiamond cluster was heated
up to about 2500 K by constant-temperature molecu-
lar dynamics simulations. Near 2500 K, as shown in
Fig. 1(b), the (111) surface layer of the nanodiamond
begins to be graphitized after a simulation time of 3 ps;
the exfoliation of the graphitized (111) layer occurs by
breaking the bonds between graphene fragments and the
underneath ‘‘core’’ atoms. This resembles the graphitiza-
tion process of the (111) surface of bulk diamond induced
FIG. 1 (color). Atomic processes of structural transformation
of nanodiamond to tube-shaped fullerene by successive anneal-
ings. (a) 0 K (at time t � 0 ps), (b) �2500 K (t � 3 ps),
(c) �2500K (t � 19 ps), (d) �2100 K (t�35ps), (e) �1900 K
(t�50ps), and (f) �20 K (t�120ps). Simulated annealings
with temperatures up to 3000 K are performed during the
process �e� ! �f�. The white color indicates atoms and bonds
of two and less-fold coordination. Red and yellow colors
indicate atoms and bonds of threefold coordination and four-
fold coordination, respectively. Green colors indicate atoms and
bonds of five and higher-fold coordination. Note that two holes
H1 and H2 are created in (d). See the text for the part A in (e).
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by nanosecond laser pulses [9,10]. As the simulation
continues, the graphitized layer evaporates, breaking
down into carbon dimers one by one from the end of
the layer. Similarly, the �1 1 1� surface layer consisting
of three pentagons undergoes the same exfoliation and
evaporation process as that of the (111) surface. At about
18 ps, as shown in Fig. 1(c), the graphitization process
becomes extended to the entire cluster surface. The core
atoms and the surface ‘‘shell’’ atoms start to separate at
the bottom side of the cluster. As the bonds between the
core and shell atoms start to break up, the cluster begins
to inflate similar to a bubble. At this stage, if the thermo-
stat is maintained to keep the system at the constant
temperature at 2500 K, the whole cluster would be com-
pletely evaporated within a simulation time of 45 ps.
Thus, to prevent the full vaporization, we proceed to
cool the system by decreasing the temperature from
2500 to 2000 K in 10 ps (during the simulation time
between 25 and 35 ps). The cluster is then further cooled
down to a temperature of �1500 K in 20 ps when a stable
fullerene structure is found to form.

During these cooling processes, the number of three-
fold coordinated atoms increases remarkably while the
number of fourfold coordinated atoms decreases.
Contrary to the earlier heating-up stage in Fig. 1(b),
where the graphitized layers are exfoliated and evapo-
rated, the graphitized surface at this cooling-down stage
evolves into a nanotube-wall shape. The two holes [‘‘H1’’
and ‘‘H2’’ in Fig. 1(d)], as generated by the successive
breaking of bonds among surface atoms, play an impor-
tant role in pumping out the inner carbon atoms into the
surface to form the graphitic layer, a process that we will
refer to as the flow-out mechanism hereafter.

The flow-out mechanism operates during the cool-
ing process from 2500 to 2000 K, which corresponds
to the steps of Figs. 1(c)–1(e). Figure 2 shows in detail
the flow-out process observed around the hole H1 on
the top side of the cluster in Fig. 1(d). Before the holes
open up, the inner atoms are confined by the surface
atoms as shown in Fig. 2(a). Since the bonding between
the inner and surface atoms consists of sp3-type bond-
ing, there still remain many fourfold coordinated
atoms near the top side of the cluster [see also Fig. 1(c)].
As soon as the holes open up at the simulation time of
�22 ps, the hole H1 becomes widely open as shown
in Fig. 2(b). By breaking the sp3 bonds, the holes labeled
as H1 and H2 in Fig. 1(d) are created on the top side of
the cluster. During the simulation, the inner carbon
atoms are pumped out into the surface through the holes,
H1 and H2. Indeed these holes act as an ‘‘exit’’ for the
inner atoms of the cluster. The inner atoms diffuse to
the hole and flow out as shown in Fig. 2(c). Then, in
Fig. 2(d), inner atoms are attached to surface atoms
around the hole. As the diffusing inner atoms continue
to flow through the hole [see Fig. 2(e)], the hole is fully
plugged up and the tube-shaped fullerene is created as
shown in Fig. 2(f).
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FIG. 3 (color). Conversion of inner carbon atoms into
surface carbon atoms by the direct adsorption mecha-
nism. (a) �2500 K �t � 0 ps), (b) �2900 K (�t � 0:31 ps),
(c) �3000 K (�t � 1:29 ps), (d) �3000 K (�t � 1:46 ps).
(e) �3000 K (�t � 1:54 ps), (f) �3000 K (�t � 1:84 ps).
(a) corresponds to the step of Fig. 1(e). �t is the elapsed
time relative to the moment of (a). The figure shows the part
of the cluster marked by A in Fig. 1(e). Blue atoms indicate
the inner atoms of the cluster at the moment of (a). Red and
yellow atoms indicate surface atoms. See the text for a de-
tailed description of the colors.

FIG. 2 (color). Flow-out mechanism observed around
the hole H1 on the top side of the cluster labeled in Fig. 1(d).
The process corresponds to the steps of Figs. 1(c)–1(e).
(a) �2500 K (t � 19 ps), (b) �2600 K (t � 24 ps),
(c) �2500 K (t � 25 ps), (d) �2100 K (t � 33 ps),
(e) �2000 K (t � 45 ps), and (f) �1900 K (t � 50 ps). t is
the total simulation time. The blue color indicates the inner
atoms and bonds and the yellow color indicates the surface
atoms and bonds at the starting configuration (a). The motion of
blue atoms and bonds shows the process of promoting inner
carbon atoms into surface carbon atoms.
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When the incorporation of the inner carbon atoms into
the tube wall around the holes is almost completed, we
continue our MD simulation at the constant temperature
2000 K for another 10 ps. While the holes are being
closed, the fullerenelike cage evolves into a shape close
to capped nanotubes. However, as shown in Fig. 1(e), the
fullerenelike cage still contains many defects such as
linear chains, fourfold and fivefold coordinated atoms,
and pentagon and heptagon rings. In order to reduce the
number of defects, the cluster is again heated up to a tem-
perature 3000 K in 4 ps and then is slowly cooled down.
Through these annealing processes, the fullerenelike
cage becomes a capped tube with a reduced number of de-
fects as shown in Fig. 1(f). The tube-shaped cage struc-
ture, as obtained from the simulation, is consistent with
the previous first-principles study which showed that,
when the number of carbon atoms N > 240, the single-
walled capped nanotube is energetically most stable
among various forms of nanotubes and fullerenes [13].

During the annealing process, the operating mecha-
nisms to incorporate the inner atoms into the surface
atoms are different from the flow-out mechanism during
the initial cooling process. Here two different mecha-
nisms are found to be active: One is a direct adsorption
mechanism and the other a push-out mechanism. As
indicated by the green color in Fig. 1(e), those inner
atoms that are directly attached to surface atoms are
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very stable and persist even up to 2000 K� 2500 K.
When the temperature raises up to 3000 K in the anneal-
ing process, these atoms are observed to be changed to
surface atoms by the direct adsorption or push-out
mechanism.

Figure 3 illustrates the direct adsorption process, which
corresponds to the evolution of part A marked in Fig. 1(e).
At the beginning, four inner atoms (labels 1, 2, 3, and 4)
are seen to adhere to the surface of the cage from inside.
Atom 1 then moves to the center of a heptagonal ring
[Fig. 3(b)], and breaks the bond at the boundary of the
heptagonal and pentagonal ring [Fig. 3(c)]. It forms a sp2

bonding configuration as shown in Fig. 3(d). Atom 2 also
breaks the bond at the boundary of the heptagonal and
the other pentagonal ring [Fig. 3(d)]. Eventually, atoms 1
and 2 are combined and converted into surface atoms
[Figs. 3(e) and 3(f)]. Consequently, by this direct adsorp-
tion process, the [pentagon-heptagon-pentagon] structure
indicated by the yellow color in Fig. 3(a) transforms to
the [hexagon-pentagonhexagon -hexagon] structure as shown in
Fig. 3(f) and it contributes to the increase of the cage size.

Figure 4 illustrates the push-out process, which is
observed in some part of the carbon cage in the steps of
Figs. 1(e) and 1(f). In this mechanism, the inner carbon
265701-3



FIG. 4 (color). Conversion of inner carbon atoms into sur-
face carbon atoms by the push-out mechanism. (a) �2900 K
(�t � 0 ps), (b) �2900 K (�t � 0:05 ps), (c) �2800 K (�t �
0:11 ps), (d) �2800 K (�t � 0:18 ps), (e) �2700 K (�t �
0:24 ps), and (f) �2700 K (�t � 0:32 ps). �t is the elapsed
time relative to the moment of (a). The figure shows only a part
of the cluster. Blue and red colors indicate inner and surface
atoms, respectively, at the moment of (a).
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atoms push the surface atoms into a vacuum and trans-
form themselves into surface atoms. In Figs. 4(a) and 4(b)
the inner atoms 1 and 2 are seen to move from one place
to another, breaking their bonds with some surface
atoms. A few moments later, surface atom 3 becomes a
fourfold coordinated atom by bonding to the inner atom 1
[Fig. 4(c)], and then breaks the bond with atom 4 to keep
its threefold coordination [Fig. 4(d)]. After the inner
atom 1 forms a bond with atom 6, it breaks the bond
with atom 5 [Figs. 4(d) and 4(e)]. Atom 6 also breaks the
bond with atom 5 to keep its threefold coordination and
the carbon dimer formed by atoms 4 and 5 is evaporated
[Fig. 4(f)]. In this way, inner atoms 1 and 2 finally convert
to surface atoms. Careful examinations of the simulation
results reveal that the direct adsorption and push-
out mechanism are induced by the nature of carbon atoms
to keep the threefold coordination at high temperatures.
As the temperature rises up to �3000 K, the fourfold
coordinated inner atoms break their original sp3 bonds,
migrate to the surface of the cluster, and incorporate into
the wall of the tube-shaped fullerene in order to achieve
the threefold coordinated configuration. This direct ad-
sorption mechanism can contribute to the growth mecha-
nisms of the nanotube as it plays a key role in increasing
the size of the tube.

Recently, it was reported by experiment that a diamond
nanoparticle of diameter �5 nm was transformed into
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spherical carbon onions at �2000 K and into polyhedron
carbon onions at �2300 K [7]. In the polyhedron carbon
onions, the diameter of the smallest tube is approximately
1 nm, which is very similar to that (�1:1 nm) of the final
geometry obtained from our simulation. Although the
final geometry obtained from our present simulation as
shown in Fig. 1(f) still contains some defects, we believe
that, if the simulations can be performed for a sufficiently
long time, a clean and perfect capped nanotube shall be
obtained.

In summary, we have performed tight-binding molecu-
lar dynamics simulations to study the structural trans-
formation of nanodiamond of diameter 1.4 nm, i.e., bucky
diamond, by successive simulated annealing. In this
simulation study, we observed the transformation of
bucky diamond into a fullerene with the shape resembling
a capped nanotube, and the diameter of the final structure
is found to be very similar to that of the smallest tube
inside the polyhedral carbon onion observed in experi-
ments. Three kinds of mechanisms are found in the
process of the conversion of the inner carbon atoms into
the surface atoms of the tube. The transformation of
bucky diamond into a tube-shaped fullerene is mostly
dominated by the flow-out mechanism, while the other
two mechanisms are observed to be effective during the
higher temperature annealing process.
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